S
inus node dysfunction (SND) is an impairment of cardiac impulse generation or delayed or absent conduction between the sinus node (SN) and atria manifesting in abnormally low heart rate (bradycardia), sinus arrest, and sinoatrial block. It is associated with clinical symptoms of dizziness, fatigue, fall, syncope, and uncommonly sudden cardiac death. SND is primarily related to the senescence of the sinus node and concomitantly to aging of the atrium and the conduction system in the heart. In the surface ECG, a variety of manifestation includes bradycardia, arrest, chronotropic incompetence, but also atrial fibrillation, atrial flutter, or atrial tachycardia can be observed. In the majority, SND is a disease of the elderly and the most common reason for pacemaker implantation. 1 When SND occurs earlier in life, it may indicate an inherited form of pacemaker dysfunction if common extrinsic factors (eg, an excessive vagal tone or endurance sport activity, drugs, electrolyte abnormalities, or hypothermia) are not present. Several studies have demonstrated genetic mutations in both sporadic and familial cases of SND (Table I in the Data Supplement). In particular, mutations affecting the voltage clock as in the ion channel genes HCN4 2, 3 and SCN5A 4 were discovered but also mutations affecting the Ca 2+ clock as in RYR2 5 or CASQ2. 6 However, also when both mechanisms were affected concomitantly, as by mutations in ion channel-associated genes, like ANK2, 7 patients can suffer from isolated SND. Besides that, it was reported that a mutation in the structural protein myosin heavy chain 6 (MYH6) negatively affects sinus node function. 8 So far, there are still a majority of families with hereditary SND without a mutation in known disease-causing genes.
The cluster of SN cells are capable of spontaneous depolarization at faster rates than other cardiac cells and thereby direct the heart rate; this activity is regulated by the autonomic nervous system influencing SN automaticity, thereby decreasing the heart rate. The function of cardiac pacemaker cells is directly affected by vagal stimulation and the release of acetylcholine during the autonomic tone. Recently, it has been reported that mutations in G-protein-encoding genes cause inherited forms of autosomal dominant 9 or autosomal recessive and syndromal SND 10 ; in particular, familial SND was shown to result from a mutant G-protein subunit (GNB2) that finally was demonstrated to cause a gain-of-function of the acetylcholine-activated K + channel (I K,ACh ). 9 This GIRK (G-protein activated inwardly rectifying K + channel) is important for the modulation of the heart rate. 11 By activation of this channel on vagal stimulation, the membrane potential gets hyperpolarized which results in the slowing of heart rate. Inactivation of the genes KCNJ3 and KCNJ5 encoding the Kir3.1 and Kir3.4 subunits of the GIRK potassium channel has been suggested to elicit sinus arrhythmias. 12 So far, loss-of-function mutations in KCNJ5 (Kir3.4) have been linked to cardiac arrhythmias, such as atrial fibrillation 13 and long-QT syndrome. 14 To elucidate a potential function of cardiac GIRK channels in human SND, we performed a genetic analysis of KCNJ3 and KCNJ5 gene in 52 unrelated patients with idiopathic SND. For the first time, we identified in a family with autosomal dominant sinus bradycardia a novel nonsynonymous mutation in KCNJ5 that led to a sustained activation of the cardiac GIRK channels.
METHODS
The Methods section of this study is available in the Data Supplement. A subset of the data (whole exome sequencing data, electrophysiological data) and study materials will be available from the corresponding author on request. This study was approved by the Ethics Committee of the University of Münster. A written informed consent was obtained from all probands before inclusion in the study.
RESULTS

KCNJ5 Mutation Identification and Clinical Presentation of Mutation Carriers in Human SND
By direct sequencing the complete coding sequence of the KCNJ3 and KCNJ5 gene in 52 patients with SND we identified the single nucleotide variant c.303G>C in KCNJ5 in a 6 years old girl which initially presented with fetal tachycardia (on cardiotocography) at a gestational age of 24 weeks (Table) . She was finally born by a cesarean section because of fetal bradycardia at gestational age of week 36 and had postnatally a short episode of atrial flutter (170-250 bpm) and a subsequent external electric cardioversion. After conversion in sinus rhythm, echocardiography revealed a normal cardiac anatomy and ventricular functions. During follow-up, Holter monitoring, as well as ECG home monitoring, continuously showed bradycardic heart rates (up to 58 bpm) and episodes of sinus arrest with junctional ectopic heart beats and short periods of atrioventricular block type Mobitz II; these findings were still present at age 13 years without any recurrence of supraventricular arrhythmias ( Figure IB in the Data Supplement).
In her family, the mother was known to have SND since the age of 20 with heart rates down to 25 bpm (Table) and was finally treated after syncope by an implantable pacemaker at the age of 26 years. Representative ECG recordings of the index patient (at age 6) and her mother (at age 37) are demonstrating marked sinus bradycardia (48 bpm and 41 bpm; Figure 1A ; Figure I in the Data Supplement), normal atrioventric-ular conduction (PR interval) and a normal corrected QT interval.
Evaluation of additional family members revealed a diagnosis of SND in the mother's monozygotic twin sister (no detailed clinical information available, but pacemaker patient) and her son, but also in the index patient's brother ( Figure IC in the Data Supplement) and her maternal grandmother. Altogether, early onset sinus bradycardia was the predominant clinical feature in all 5 affected family members; 3 out of them were carriers of a pacemaker implant (Table) .
All affected family members who were available for genetic analysis (n=4) were concordantly positive for the identified KCNJ5 sequence variant (heterozygous nucleotide change c.303G>C; Figure 1B ). In addition, there were no clinical signs of hyperaldosteronism (type III), which is known to be associated with somatic or germline loss-of-function mutations in KCNJ5. 15, 16 To exclude the presence of a second disease-associated variant in the family whole exome sequencing was performed in 4 affected (22_1, 22_3, 22_9, and 22_5) and 1 unaffected family member (22_2) ( were known to be associated with an inherited cardiac condition (KCNJ5, long-QT syndrome; MYH11, thoracic aortic aneurysm), whereas 6 filtered candidate genes were associated with diverse noncardiac disorders (Table III in the Data Supplement).
With respect to evolutionary conservation of the amino acid, allele presence in control individuals and known or predicted biochemical function, the heterozygous variant c.303G>C in the KCNJ5 gene (Figure 1C) was most significant. It leads to a substitution of the hydrophobic and nonpolar amino acid tryptophan to the hydrophilic and polar amino acid cysteine (at residue 101; p.Trp101Cys; shortly: W101C) which is located in the first transmembrane domain of the Kir3.4 subunit ( Figure 1D ). The tryptophan residue present in wild-type channels moreover revealed a high degree of paralogous and orthologous conservation ( Figure 1E ). In addition, the altered was not reported in the 1000 Genomes, Exome Variant Server, and Exome Aggregation Consortium database databases, all 6 pathogenicity prediction tools (Table III in the Data Supplement) concordantly judged this variant as damaging and the CADD score 17 calculated the variant as one of the most harmful 1% variants in the whole genome (CADD-Phred: 25.4). 
Effect of Mutant Kir3.4 on the GIRK Activity
To investigate the effect of the mutant Kir3. 
Effect of Mutant Kir3.4 on the GIRK Activity in the presence of Muscarinic M 2 Acetylcholine Receptor (M 2 -R)
Next, we coexpressed the Kir3.1/Kir3.4 channel complexes with the muscarinic M 2 acetylcholine receptor, which is mediating the parasympathetic input on the I K,ACh current in the sinoatrial node and recorded voltage-ramp protocols ( Figure 2D ). Also in the presence of the unstimulated M 2 receptor, the Kir3.1 + Kir3.4 WT /Kir3.4 W101C channel complex generated 15.5-fold larger currents (17.75±2.80 µA) than those of native Kir3.1+Kir3.4 WT channels (1.14±0.17 µA; Figure 2D and 2E). However, Next, we speculated that this putative lack of parasympathetic regulation might be caused by huge macroscopic currents of the homomeric Kir3.1/Kir3.4 W101C channel complex. After diluting the cRNA mix of the M 2 receptor with the homomeric Kir3.1+Kir3.4 W101C subunits by 1:10 or 1:100, we were able to record smaller currents of this complex ( Figure 3C ) and acetylcholine stimulation of the channel complex was intact ( Figure 3D ). Thus, Kir3.4 W101C containing I K,ACh channel complexes are still able to respond to M 2 receptor stimulation. However, depending on the respective ratio of M 2 receptors to Kir3.1/Kir3.4 channels in the native sinoatrial node, it is also conceivable that there will be large I K,ACh currents that are less tightly regulated by parasympathetic inputs.
Effect of Mutant Kir3.4 Subunit on GIRK Activity
Next, we performed whole-cell patch-clamp experiments in CHO cells to investigate the effect of mutant Kir3.4 W101C on properties of homotetrameric and heterotetrameric GIRK channels in a mammalian cell system. In Figure 4A , the averaged current-voltage (I/V)-curves show a loss of inward rectification of both, homotetrameric Kir3.4 W101C alone or heterotetrameric with Kir3.1 (Kir3.1+mutant Kir3.4 W101C ; right) as compared to native Kir3.1/Kir3.4 channels (left).
As shown previously, overexpression of Kir3.4 WT in atrial myocytes resulted in profound changes of GIRK current properties, including a significant reduction in inward rectification 18 as compared to native heterotetrameric Kir3.1/Kir3.4 channels. In CHO cells expressing mutant Kir3.4 W101C , coexpression of native Kir3.1 did not completely rescue the strong inward-rectification characteristic of heterotetrameric Kir3.1/Kir3.4 WT channels but, in comparison with homomeric mutant Kir3.4 W101C , caused a significant reduction of currents at membrane potentials positive to the K + equilibrium potential (E K , here-48 mV) that is, an increase in inward rectification ( Figure 4A, right) . To analyze the effects of Kir3.4 W101C on properties of receptor-activated GIRK currents, we coexpressed either wild type or Kir3.4 W101C with the M 2 -R (muscarinic M 2 acetylcholine receptor) or the purinergic A 1 -R (A 1 adenosine receptor) 19 ( Figure 4B and 4C, left). In line with previous studies, exposure to a saturating concentration of Ado resulted in activation of an inward current (at −90 mV, Figure 4B , left). The backgroundsubtracted current/voltage (I/V) relation generated by a voltage-ramp protocol in the Kir3.4 WT expressing cells was characterized by the typical strong inward rectification, that is, a massive reduction in slope conductance at voltages positive to E K (−48 mV; Figure 4B , middle). The shape of the I/V-curve remained constant throughout exposure to Ado. Averaged I/V-curves from different CHO cells, normalized to the current at −120 mV, showed little variation ( Figure 4B, right) . The I/V-curve of the Ado-induced current in the Kir3.4 W101C transfected cell was substantially less inward rectifying early after activation ( Figure 4C , middle, black trace). The outward current at membrane potentials positive to E K increased with time, that is, inward rectification was reduced in a time-dependent manner ( Figure 4C , middle, red trace). This time-dependent loss of rectification was highly significant at membrane potentials positive to +20 mV as shown by the averaged I/V-curves recorded early on Ado exposure and after t >40 seconds ( Figure 4C, right) .
Effect of Mutant
Since inward rectification in Kir channels results from a block by intracellular cations (eg, polyamines 20, 21 or Mg 2+22,23 ), the time-dependent reduction of inward rectification in the mutant channels might reflect washout of blocking ions caused by equilibration of the cytoplasm with the pipette filling (internal) solution in the whole-cell recording configuration. To address this issue, we used a pipette solution supplemented with spermidine (100 µmol/L). In continuous recordings of Kir3.4 W101C channel currents, there was no time-dependent increase in voltageramp-induced outward current ( Figure 4D, left) . When I/V-curves were compared at t ≥40 seconds of exposure to agonist, as shown in Figure 4D (middle), supplementation of the internal solution with spermidine resulted in a slight but significant reduction in current at membrane potentials positive to 0 mV, that is, a stronger inward rectification as compared to spermidine-free solution. However, the strong inward rectification of Kir3.4 WT expressing cells, characterized by a reduction in slope conductance in the entire voltage range positive to E K ( Figure 4A ) was not completely rescued by 100 µmol/L spermidine.
The free Mg 
Effect of Kir3.4 W101C on Endogenous GIRK Activity in Atrial Cardiomyocytes During M 2 Receptor Stimulation
We next studied the effect of Kir3.4 W101C on endogenous acetylcholine-activated current (I K,ACh ) in atrial myocytes. (Figure 5A and 5B, left). Exposure to acetylcholine (10 µmol/L) resulted in activation of an inward current in both, Kir3.4 WT and Kir3.4 W101C expressing myocytes. Analogous to the observations in CHO cells, the voltage-rampinduced outward I K,ACh current in Kir3.4 W101C expressing cells increased with time ( Figure 5B, left) . However, this was less pronounced than in the recordings from CHO cells and did not reach statistical significance (n=5). Exposure to Tertiapin-Q (200 nmol/L) caused an inhibition of the activated current and the major fraction of the basal current. The I/V-curve of the TP-Q-sensitive current obtained by subtraction ( Figure 5B , right) was characterized by a linear progression between −120 mV and about −10 mV and a negative slope at positive membrane potentials, similar to the initial (early) I/V-curve recorded from Kir3.4 W101C -transfected CHO cells ( Figure 4C ). This voltage-dependence was strongly reproducible, as demonstrated by the normalized averaged I/V-curves plotted in Figure 5C , which also shows, for comparison, the averaged TP-Q-sensitive I/V-curve from atrial myocytes transfected with Kir3.4 WT . This graph is characterized by the typical strong inward-rectifying properties. The dominant effect of Kir3.4 W101C on voltage-dependent properties of endogenous atrial I K,ACh was more pronounced than in CHO cells coexpressing the Kir3.4 W101C and native Kir3.1. This difference is likely to result from different stoichiometry of expression and membrane export of Kir3.1 and Kir3.4 in the different cellular environments.
To summarize, homomeric Kir3.4 W101C channels are characterized by reduced inward rectification as compared to homomeric Kir3.4 WT and heteromeric Kir3.1/ Kir3.4 WT channels. Coexpression of Kir3.1 partially restores inward rectification, resulting in I/V curves similar to endogenous GIRK current. Furthermore, inclusion of spermidine or high Mg 2+ increases inward rectification, suggesting a reduced polyamine sensitivity of Kir3.4 W101C channels. On expression of Kir3.4 W101C subunits in cardiac myocytes, endogenous GIRK currents are superimposed by currents through homomeric Kir3.4 W101C channels.
Kir3.1 and Kir3.4 Protein Expression, Stability, and Subcellular Localization
As the observed gain-of-function of the GIRK channel complex containing Kir3.4 W101C could also result from an enhanced protein amount, we analyzed protein expression and stability of the wild-type and Kir3.4 W101C protein and the interacting partner Kir3.1 ( Figure II 
Molecular Modeling
Spermines largely determine the rectification pattern of GIRK channels. In Kir3.4 W101C channels, the rectification is strongly reduced. To further understand the molecular mechanism of this impaired rectification, we performed molecular dynamic simulations. Therefore, homology models of the Kir3.1/Kir3.4 WT and Kir3.1/Kir3.4 W101C heterotetrameric channel complexes were generated. To allow for energetically favorable conformations, MD simulations were performed ( Figure 6A channel complexes suggests a constriction of the lateral entrance to the spermine binding sites as a result of the p.W101C mutation ( Figure 6B ). Thus, in silico modeling suggests a structurally altered spermine binding site, possibly resulting in impaired spermine binding to Kir3.1/ Kir3.4 W101C . Therefore, the impaired inward rectification present in Kir3.4 W101C containing GIRK channel complexes could result from an impaired binding of spermine.
DISCUSSION
The cardiac GIRK channel is predominantly expressed in the atria, atrioventricular node and sinoatrial node and plays an important role in parasympathetic heart rate regulation. 24 On parasympathetic stimulation acetylcholine released from vagal nerve activates the M 2 muscarinic receptor and thereby promotes dissociation of Gβγ subunit from activated Gα. The released Gβγ directly activates GIRK leading to an enhanced open probability of the channel. 25, 26 The participation of the cardiac GIRK channel in heart rate regulation was underlined by the phenotype of Kir3.1 and Kir3.4 knockout mice that exhibit mild resting tachycardia 27 and impaired beat-to-beat control. 28 Treatment with carbacholine, a muscarinic agonist, induced atrial fibrillation in control mice while the K ACh −/− mice remained inconspicuous. 12 In addition, it was shown that that manipulation of GIRK is preventive for SND in transgenic mice with knockout of CACNA1D (encoding the α-subunit of the L-type Cav1.3 calcium channel) or HCN4 (underlying the hyperpolarization-activated If current). 29, 30 We identified a gain-of-function mutation (p.W101C) in KCNJ5 encoding the Kir3.4 subunit (GIRK4) of the cardiac GIRK channel. The mutation located in the first transmembrane domain of the channel was present in a 3-generation family with autosomal dominant sinus bradycardia (SND). The mutation cosegregated with the clinical phenotype and is the first mutation reported so far, linking the KCNJ5 gene directly to human SND. Recently, a mutant G-protein (Gβ 2 , GNB2) was linked to human sinoatrial disease, probably due to a gainof-GIRK channel function similarly seen as in the present study. 9 Thus, both results highlight the role of GIRK (I K,ACh ) potassium channels in human sinus node physi- ology and dysfunction. Functional analysis of the mutant GIRK channel in diverse heterologous cell systems demonstrated that GIRK channel complexes containing the Kir3.4 W101C subunit reveal an increased inward and outward current and thereby a loss of rectification. It is well known that the strong inward rectification in Kir channels is mediated by a block by intracellular cations, such as polyamines 20, 21 and Mg
2+
. 22, 23 We showed that the observed reduced inward rectification seen in GIRK channels containing Kir3.4 W101C cannot be rescued by spermidine, while an increase of Mg 2+ enables a substantial rescue of inward rectification by Kir3.4 W101C channels. It is conceivable that the W101C mutation results in a reduction of Mg 2+ -affinity to the putative binding (blocking) site and alters the structure of the protein and subsequently the spermidine binding site by an allosteric effect. In molecular dynamic simulations of the heterotetrameric Kir3.1/3.4 channel, we noticed a structurally altered spermine binding site, more precisely a constriction of the lateral entrance, which possibly results in impaired spermine binding to Kir3.1/3.4 W101C channels and as a consequence in a reduced rectification.
Furthermore, we determined that the protein expression of Kir3.4 W101C is not altered compared with that of wild-type channels; however, the mutant induces a reduced protein expression of Kir3.1. It is known that Kir3.4 subunits are capable of forming functional homotetramers, 31 which are electrophysiological characterized by a reduced inward rectification. 19 The Kir3.4 W101C -induced reduction of Kir3.1 expression may, therefore, lead to an increased amount of homotetrameric Kir3.4 channels, resulting in total GIRK currents with reduced inward rectification.
Mutations in the KCNJ5 gene (Kir3.4) are rare and have previously been linked to cardiac arrhythmias, including atrial fibrillation 13 and long-QT syndrome.
14 So far, these mutations were associated with a loss of channel function. The loss-of-function mutation Gly387Arg 13 has a dominant-negative effect on the formation of functional channels containing Kir3.4 and is associated with reduced levels of Kir3.4 and Kir3.1 in the plasma membrane. Atrial fibrillation and atrial tachycardia were observed in affected patients, probably because of heterogeneous atrial repolarization 14 and altered action potential duration. 32 Germline or somatic gain-of-function mutations in KCNJ5 have been reported from diseases of the adrenal cortex, such as familial type 3 hyperaldosteronism. 15, 16 In those mutations, affected amino acid residues are invariably located near or within the selectivity filter, resulting in a loss of K + selectivity and an increase in Na + permeability. In none of these cases, cardiac arrhythmias have been described. 15, 16 In contrast, the mutation W101C is located in the first transmembrane domain and results in an increase in I K,ACh density and reduced inward rectification but does not affect ion selectivity. The reversal potential of the mutant Kir3.4 channels strictly correlates with the K + equilibrium potential, excluding gained Na + permeability of the mutant K + channel. In summary, we identified for the first time a gain-offunction mutation in Kir3.4 as the genetic cause for familial sinus node disease which leads to a loss of rectification because of a modification of the spermine binding site by allosteric effects or an alteration of the stoichiometry of the Kir3.1 and Kir3.4 subunits in the channel. The resulting increased outward current of K+ ions may lead to a hyperpolarization of sinoatrial cells and, therefore, may hamper the depolarization resulting in slowing of the heart rate. Furthermore, acetylcholine-induced hyperpolarization and action potential shortening in atrial muscle can control pacemaking of the sinoatrial node by electrotonic suppression of sinoatrial node activity. 33 Thus it is conceivable that increased outward currents through mutant GIRK channels both decrease the spontaneous rate of sinoatrial cells and increase the suppressive effect of the atrial muscle on the sinoatrial node.
A limitation of the work is the inability to introduce the mutation into pacemaker cells or atrial myocytes expressing KCNJ5 at physiological levels. In the absence of such data, the precise way that the biophysical alterations affect cellular behavior and clinical phenotype are not clear. In addition, given the small size of our pedigree, we cannot rule out an influence of other shared genes that seem to be highly expressed in the heart in promoting the phenotype in the affected individuals in the kindred studied. However, our clinical and molecular investigations provide additional important information further paving the way for drugs targeting GIRK channels in human SND.
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